Objective: Our objective was to develop an approach for selecting combinatorial markers of pathology from diverse clinical data types. We demonstrate this approach on the problem of pancreatic cyst classification. Materials and Methods: We analyzed 1026 patients with surgically resected pancreatic cysts, comprising 584 intraductal papillary mucinous neoplasms, 332 serous cystadenomas, 78 mucinous cystic neoplasms, and 42 solid-pseudopapillary neoplasms. To derive optimal markers for cyst classification from the preoperative clinical and radiological data, we developed a statistical approach for combining any number of categorical, dichotomous, or continuous-valued clinical parameters into individual predictors of pathology. The approach is unbiased and statistically rigorous. Millions of feature combinations were tested using 10-fold cross-validation, and the most informative features were validated in an independent cohort of 130 patients with surgically resected pancreatic cysts. Results: We identified combinatorial clinical markers that classified serous cystadenomas with 95% sensitivity and 83% specificity; solid-pseudopapillary neoplasms with 89% sensitivity and 86% specificity; mucinous cystic neoplasms with 91% sensitivity and 83% specificity; and intraductal papillary mucinous neoplasms with 94% Research and Applications sensitivity and 90% specificity. No individual features were as accurate as the combination markers. We further validated these combinatorial markers on an independent cohort of 130 pancreatic cysts, and achieved high and well-balanced accuracies. Overall sensitivity and specificity for identifying patients requiring surgical resection was 84% and 81%, respectively. Conclusions: Our approach identified combinatorial markers for pancreatic cyst classification that had improved performance relative to the individual features they comprise. In principle, this approach can be applied to any clinical dataset comprising dichotomous, categorical, and continuous-valued parameters.
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BACKGROUND AND SIGNIFICANCE
Single-parameter markers of pathology are typically unreliable or have low accuracy. Composite markers, defined as comprising multiple diagnostic features or parameters (synonymous with "combination" or "multiparameter" marker), and methods for their discovery have received recent and increased attention. [1] [2] [3] [4] [5] When designed
properly, composite markers increase statistical power relative to the individual features they comprise and improve important diagnostic parameters such as sensitivity and specificity. The potential to increase statistical power is appealing, but the derivation of optimal multiparameter markers can be hampered by large combinatorics (possible number of ways to combine individual parameters). For instance, 20 individual parameters can be combined to generate >10 6 unique combinations. Another important consideration is a subtle one: the addition of features that indicate a disease is present cannot increase the specificity of the resulting composite marker. Combining features that indicate a disease is present can increase the sensitivity of the composite marker, but increased specificity can only result from features that indicate the disease is absent. Therefore, a simultaneous increase of both sensitivity and specificity requires the composite marker to include 2 types of features, a subset of which indicates that the disease is present and others that indicate the disease is absent; this requirement exponentially increases the combinatorics problem. Because the probability of falsely inferring association increases with every feature tested, searches for composite markers require strict control of the false discovery rate. These searches greatly benefit from large cohorts amenable to cross-validation so that markers can be selected and validated in numerous independent groupings of the data. The challenge of evaluating patients with pancreatic cysts is one area where combinatorial analysis could be helpful. Advances in cross-sectional imaging have resulted in the frequent detection of pancreatic cysts, but these advances have outpaced our ability to reliably distinguish benign cysts from those with significant malignant potential, presenting a dilemma for clinical management. 6 On the one hand, invasive pancreatic ductal adenocarcinomas have the lowest 5-year survival rate among all cancers, 7 indicating a clear opportunity to save lives by resecting pancreatic cysts with even a modest risk of progressing to invasive cancer. On the other hand, many cysts are entirely benign or have a minimal risk of progression, making conservative management (ie, surveillance) the preferred option. 7 Thus, there is a need for sensitive and specific ways to distinguish high-risk from low-risk cysts prior to surgery. The 4 most common pancreatic cyst types highlight the abovementioned challenge. Serous cystadenomas (SCAs) are nonmucinous lesions that can develop anywhere in the pancreas. 8 Virtually all SCAs are benign, and surveillance is recommended for asymptomatic patients. 9 Mucinous cystic neoplasms (MCNs) are solitary, well-defined cysts typically located in the body or tail of the pancreas, and are more frequently present in middle-aged women. 6 Because
MCNs can progress to invasive carcinoma, resection rather than lifelong surveillance is recommended for this type of disease. 10 Solidpseudopapillary neoplasms (SPNs) are rare indolent neoplasms that are seen almost exclusively in young women. 6 14 The Multivariate Organization of Combinatorial Alterations (MOCA) algorithm is a bioinformatics approach for identifying individual and composite genetic markers of phenotype. [15] [16] [17] The algorithm can rapidly test millions of combinations of markers while conservatively controlling the false discovery rate and selecting the most predictive and recurrent feature combinations from cross-validation testing. MOCA has previously been used to identify genes important in glioblastoma progression 15 and to predict response to anticancer therapeutics. 16 Here, we further develop MOCA to consider diverse types of clinical data, and select composite markers of cyst type and grade from a large cohort of patients with surgically resected pancreatic cysts. 
MATERIALS AND METHODS

Selection of clinical features and composite markers
We used our previously published MOCA algorithm 16 to select composite clinical markers of pancreatic cyst type and grade. For this work, a required improvement to the algorithm was the ability to accept and combine dichotomous, categorical, and continuousvalued parameters into individual predictors. The addition of categorical parameter handling is requisite for considering clinical features that have 3 or more possible classes, which is common. We restricted individual feature selection to those that were recorded in at least 50% of patients (see Supplemental Table S1 ). Restricting selection to features recorded in !50% of the cases was enforced: first, to prevent any potential bias toward features that were recorded in only a small subset of the total cohort, thereby having the potential to result in inflated performance statistics. Second, it is difficult to compare the performance of features that are assessed over very different sample sizes. Third, features recorded in a small subset of the cohort could reduce the power of the 10-fold cross-validation.
All composite markers were selected using 10-fold cross-validation, and false discoveries were controlled using the Benjamini and Hochberg method. MOCA has been described previously.
15-17 A detailed description of the MOCA implementation used in the study is provided in Supporting Information.
Independent validation of composite markers
To validate performance independently from that obtained during the 10-fold cross-validation selection process, we tested top-performing composite markers in an independent and non-overlapping cohort of 130 patients with surgically resected pancreatic cysts (patient demographics and cyst characteristics are presented in Supple mental Table S1 ).
RESULTS AND DISCUSSION
General demographics: marker-selection dataset
A total of 1036 patients with surgically resected pancreatic cysts were identified, of whom 10 with an IPMN were excluded because the cyst was incidentally identified in the surgical specimen after resection of a different pancreatic neoplasm. The final marker-selection cohort consisted of 1026 patients, which included 584 IPMNs, 322 SCAs, 78 MCNs, and 42 SPNs. The general demographics, symptoms, clinical features, and pathological diagnoses are detailed in Supplemental  Table S1 . Complete data were not available in all patients. To account for this deficit, the percentages presented in this table reflected the number of patients who were positive for the feature divided by the total number of patients for which the data of that type were available. This 1026-patient cohort is referred to as the marker-selection cohort throughout.
General demographics: validation dataset
Clinical data from an independent and non-overlapping cohort of 130 patients 19 were used as a validation dataset. That cohort included 96 patients with IPMNs, 12 with SCAs, 12 with MCNs, and 10 with SPNs. Patient demographics and cyst characteristics for this cohort are presented in Supplemental Table S2 . This 130-patient cohort is referred to as the validation cohort throughout.
Individual clinical features that distinguish cyst types
We used MOCA to select individual clinical features for discriminating the 4 cyst types from the 1026-patient marker-selection cohort (Table 1 ). In general, these individual clinical features had low balanced accuracy (defined as the arithmetic mean of sensitivity and specificity), providing high specificity but low sensitivity, or vice versa. The features in (Table 1) ; however, specificity was low in both cases because these features were uncommon in SPNs and MCNs. The age feature had the highest balanced accuracy of any of the SPN features (Table 1) . SCAs and SPNs, and in particular MCNs, are more common in women, giving the gender feature moderate to high sensitivity for these 3 cyst types. However, the high prevalence of these 3 cyst types in women necessarily means that the associated specificities will be low for any 1 of the cyst types. The majority of patients over 65 years of age had IPMNs ( Table 1) . The highest balanced accuracy of any feature in Table 1 resulted from IPMN classification with the main pancreatic duct communication feature.
Composite markers that distinguish cyst types
Next, we used MOCA to select the composite markers that best distinguished cyst type in the marker-selection cohort. Each composite marker contained up to 6 features indicative of a particular cyst type and up to 6 features that excluded that cyst type. We required that indicative markers be "present" and that exclusionary markers be "absent" for the composite marker to be scored as positive for a particular cyst type ( Table 2 ). The most informative composite marker could in principle be composed of any mixture of present and absent features.
The composite markers listed here had the highest balanced accuracy for identifying each cyst type, selected using 10-fold crossvalidation from the marker selection cohort. Further validation in the independent validation cohort is also shown. A composite marker was scored positive for the corresponding cyst type if any 1 of the clinical features in the second column is present and all features from the third column are absent. MPD ¼ main pancreatic duct.
The SCA composite marker described in Table 2 accurately identified 95% of SCA cases in our cohort while accurately excluding 83% of all non-SCAs. The high specificity of this composite marker resulted from the fact that it accurately excluded IPMNs, which classically communicate with the main pancreatic duct and can cause main pancreatic duct dilation or pancreatitis. Similarly, the composite marker excluded SPNs by implementing a low age threshold.
The MOCA algorithm revealed that pancreatic cysts identified in patients under 55 years of age were likely to be SPNs provided the patient did not have multiple cysts, jaundice, or weight loss. A composite marker based on these features had a sensitivity of 89% and a specificity of 86% for SPNs (Table 2 ). MOCA also showed that patients were most likely to have MCNs if their age was <75 years, provided they were not male, there was no communication between their cysts and the main pancreatic duct, and the patient did not have multiple cysts. The composite MCN marker based on these features had a sensitivity and specificity of 91% and 83%, respectively (Table 2 ). Its high specificity was achieved by accurately rejecting IPMNs, which communicate with the main pancreatic duct, often have multiple cysts, and are usually found in older individuals. Finally, MOCA classified cysts as IPMNs if the patient's age was !85, if there was communication with the main pancreatic duct, if the main pancreatic duct was dilated, or if the patient had abdominal pain. The composite IPMN marker based on these features had a sensitivity of 94% and specificity of 90%.
The markers in Table 2 were selected using 10-fold cross-validation with strict correction for multiple testing, and the requirement that any composite marker eligible for further analysis had to be selected independently in all 10 data splits. To further validate our model, we applied the markers from Table 2 to the independent validation cohort of 130 patients. 19 The results from this validation are shown in the last column in Table 2 . The SCA marker validated with a 3.5% decrease in balanced accuracy, maintaining high sensitivity and reasonable specificity. Both the SPN and MCN markers validated with nearly identical sensitivities and specificities. The IPMN marker achieved a balanced accuracy of 82%, which represents a 10% decrease relative to that achieved during cross-validation selection. During composite marker derivation, the MOCA algorithm tests millions of composite markers, of which thousands can be statistically significant (see Supplementary Materials and Methods). Statistically significant composite markers of a single cyst type can share many similar individual features. For example, 2 composite markers can differ only by the presence or absence of a single feature or by a small difference in continuous-valued features such as age. Therefore, it was instructive to decompose the top-performing composite markers into their individual features to determine the relative contribution of each feature to the marker's performance. Figure 1A shows the occurrence of the most frequently observed individual clinical features in the 100 composite markers with the highest balanced accuracy for identifying IPMNs.
Among these 100 IPMN markers, communication with the main pancreatic duct was the most frequently identified feature, contributing to each of the 100 composite markers ( Figure 1A) ; this result is not surprising considering the high balanced accuracy of the communication feature shown in Table 1 . A dilated main pancreatic duct was the second most informative feature, selected in 70% of the top composite IPMNs. Sixty-three percent of the top composite IPMN markers included age, where the minimum age selected was 80 years, just slightly younger than the age cutoff of 85 selected by the top composite marker for IPMNs ( Table 2 ). The multiple cysts feature was selected in 38% of the top composite markers, but this feature was not in the top-performing marker. Abdominal pain and MPD ¼ main pancreatic duct. Sensitivity and specificity for identifying each of 4 cyst types using the corresponding features are listed. Q-values are Fisher's exact 2-tailed P-values corrected using the Benjamini and Hochberg false discovery rate. jaundice were also informative symptoms for IPMNs when found to be present.
Continuous-valued features such as age and cyst size can be useful because they can provide more information than the mere presence or absence of a feature (as with binary-valued features). As an example, the box and whisker plot in Figure 1B shows a distinct distribution of ages separating IPMNs from non-IPMNs. Figure 1B also shows how the performance of the top-performing composite IPMN marker (Table 2 ) varied with age. Between ages 80 and 60 years, the sensitivity of the composite marker increased by 4%, while the specificity dropped by 41%; this would be acceptable only if a highly sensitive test was desired. From 60 to 40 years, the imbalance is high, with a sensitivity increase of only 1% at the expense of a 36% decrease in specificity.
Composite markers can help identify cysts that should be surgically excised Management of IPMNs depends on whether clinical and radiologic features suggest the presence of high-risk IPMNs (defined as those with high-grade dysplasia or associate invasive adenocarcinoma). MOCA selected composite clinical markers for this high-risk group in the subset of patients who were pathologically proven to have an IPMN. Of the 584 IPMNs, 310 (58%) were high-risk.
Significant individual features for identifying high-risk IPMNs generally had high specificity but low sensitivity (Table 3 ). In particular, jaundice, weight loss, diabetes mellitus, and presence of a solid component had specificities of 95%, 85%, 85%, and 83%, respectively. This result indicates that, in this cohort, these features are almost exclusive to patients with high-risk IPMNs; however, the low sensitivities (24 À 58%) indicate that none of these individual features were present in the majority of patients with high-risk IPMNs. The main pancreatic duct dilation feature was slightly more balanced, present in the majority of high-risk IPMNs and absent from the majority of low-and intermediate-grade cases.
The composite marker with the highest balanced accuracy selected for identifying high-risk IPMNs combined cyst size, jaundice, and main pancreatic duct dilation, and achieved a sensitivity of 81% and specificity of 61% (Table 4) . Thus, in the marker-selection cohort, 81% of all high-risk IPMNs occurred in patients who had jaundice, main pancreatic duct dilation, or a cyst larger !4 cm; 39% of low-or intermediate-grade IPMNs had at least 1 of these features. When applied to the independent validation cohort, the balanced accuracy decreased by 1.5%, with decreased sensitivity and increased specificity ( Table 4) .
The top composite marker was defined as the one with the highest balanced accuracy for identifying high risk IPMNs, selected using 10-fold cross validation from the marker selection cohort. Further validation in the independent validation cohort is also shown. The composite marker was scored as positive if any 1 of the 4 clinical features was present. MPD ¼ main pancreatic duct. Figure 2A shows the ensemble distribution of individual features contributing to the 100 top-performing composite markers for identifying high-risk IPMN. Cyst size, main pancreatic duct dilation, and jaundice were informative features, in agreement with the composition of the top composite marker. Weight loss and presence of a Q-values represent Fisher's exact 2-tailed P-values corrected using the Benjamini and Hochberg false discovery rate. MPD ¼ main pancreatic duct. mural nodule were informative features during composite marker selection and also highly specific individual features (Table 3) ; however, these features were not part of the top-performing composite marker. Age was a moderately informative feature during selection; however, age conferred no predictive benefit to the top-performing composite marker for high-risk IPMNs. Figure 2B shows the distribution of the continuous-valued cystsize feature from the top-performing composite marker for identifying high-risk IPMNs, and how the performance of the composite marker changes as this feature is varied. As predicted by the composite markers, patients with high-risk IPMNs tended to have larger cysts than those with low-or intermediate-grade IPMNs ( Figure 2B ). In this cohort, low-and intermediate-grade IPMNs had a median size of 2.6 cm, with a reasonably narrow IQR. High-risk IPMNs had a median cyst size of 3.3 cm, with a distribution skewed toward larger diameters ( Figure 2B) .
One of the most important characteristics of a marker for pancreatic cysts is the identification of those cysts that require resection. We used the markers from Tables 2 and 4 to discriminate cysts that would generally be considered not to require resection (SCA, lowand intermediate-grade IPMNs) from those that require resection (SPN, MCNs, high-risk IPMNs). The composite marker had a sensitivity of 84% and a specificity of 81% for identifying the cysts that required surgery in our 1026-patient marker-selection cohort. In the independent validation cohort, these markers discriminated cysts requiring resection from those not requiring resection with 77% sensitivity and 75% specificity.
CONCLUSIONS
For this study we developed a computational approach for deriving composite markers from diverse clinical data types, and selected markers of pancreatic cyst type (Table 2 ) and IPMN grade from the largest single series of surgically resected pancreatic cysts published to date. The composite markers presented here each comprised wellknown individual features for their respective cyst types and grades. Indeed, the association between high-risk IPMNs and "worrisome" clinical symptoms, the distinctly young age associated with SPN diagnosis, the relative absence of MCNs in males, and the prevalence of main pancreatic duct dilation and communication in patients with IPMNs have all been previously described. 6, 10, 11, 20 One of the major novel aspects of our study involved forging these well-known individual observations into composite markers whose performance was superior to the features in isolation.
Another novel aspect is the use of advanced bioinformatics methods to quantitatively assess the importance of each feature evaluated and the relative performance of millions of different composite markers. This was achieved through a nonbiased computational approach that utilized cross-validation and strict control of false-positive discoveries. Notably, other statistically rigorous multivariate feature-selection methods exist, and they produce a type of classifier distinct from the composite markers derived by MOCA. Some commonly used approaches include Adaptive Boosting, 21 Elastic Net Regression, 22 and Random Forests. 23 Although these methods can achieve good classification performance, they produce classifiers that can be difficult to interpret. The "black box" nature of these machine-learning approaches is fundamentally limiting to the pursuit of biological insight and hypothesis generation. Rather than producing complex algorithmic classifiers, MOCA derives simple human-interpretable markers that are amenable to comparison with clinical literature and hypothesis generation. The key composite markers discriminating pancreatic cysts by type have reasonably balanced accuracies ( Table 2) . It is important to consider the relative prevalence of each cyst type when interpreting the performance of these composite markers. As an example, a marker for identifying SCAs will have a minimum specificity of 84% if it can at least exclude all IPMNs; this is because 84% of all non-SCAs in this cohort are IPMNs. Indeed, the ability to exclude diagnosis, and in turn maintain high specificity, is integral to the design of composite markers such as those presented in this work. However, it should be recognized that marker performance would vary as a function of the distribution of cyst types and grades for a given cohort. This problem exists for any imperfect marker, and is important for considering translational potential.
This study has limitations with respect to pancreatic cyst classification. It is retrospective, and complete data were not present on all patients. Molecular markers were not included in this study, but (Table 4) .
have shown promise in other studies, and their inclusion could further enhance the accuracy of the markers presented here. 18, 24, 25 Although we used 10-fold cross-validation with subsequent validation in an independent cohort, all possible data bias could not be corrected. For example, patients from both cohorts all underwent surgical resection, but standard guidelines dictate surveillance, rather than resection, for most SCAs and non-high-risk IPMNs. This suggests that SCAs and low-and intermediate-grade IPMNs in this study might have features that are not perfectly typical of their population averages. Given that surgical pathology is the most reliable method for verifying cyst type and grade, this is not an easy bias to overcome. Longitudinal studies where benign cysts are followed for progression over many years might help address this limitation.
It is also informative to consider limitations in the computational methodology and implementation. While the results are encouraging and selected markers achieve relatively high diagnostic performance, this single test case is not sufficient to guide expectations regarding performance in other disease classification problems. MOCA is inherently a data analysis method, and performance will be subject to the common limitations of data quality, quantity, and efficiency of algorithmic search strategies (ie, searching the possible combinations of markers). Furthermore, the size imbalance between our cross-validation (marker-selection) cohort and the holdout validation cohort leaves uncertainty with respect to the translational potential of the presented composite markers. These markers need further testing in large cohorts before their real clinical utility can be considered.
The method presented here contributes a statistically rigorous and unbiased approach to deriving composite clinical markers of pathology. Of great practical importance, the method combines individual clinical parameters that indicate the presence of a disease with those that indicate the absence of the disease, which is required to optimize sensitivity and specificity simultaneously. In principle, MOCA can be applied to any dataset comprising binary, categorical, and continuous-valued clinical parameters, and could complement traditional and ad hoc marker-selection approaches in many contexts and clinical settings.
